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An csqpcrjnGntal invGotication t*ac conducted In Lee 1 of tlio G.'LC/xx 
^ X $ inch i^Tperoonic Uii^ Ticmol to detomino tin hoat tra..^for cooifi- 
cientc of tho laninar boundaiv’ on a cooled ilat plate at a norr'-nal 

Ilach ntETiboz* of 5*G» /Si3 a conaoq'uoncc of t!.o invostii;;ation, flat plate 
recovery factors uere dotenained and t^ie offoct of condensation on hont 
transfer was noted. In addition qualitative reoalts an to tho lartlisjc* 
botindary la^/er tsransition and separation arc also presented. 

Tlie tests xtqvq conducted with a ratio of wall torpcratiiro to free 
stroan tenporaturc (T^^g-) of approxinatoly 6.2$ but under 
tenperature conditions rancid frota 200^ to 20^’. The stagflation 
pjrossuro ranco of 60 psia to 11^).5 psia provided a r.ia:tinm ?.qynolds 
nuiber of 2.1 x 10^. 

A flat plato tenperature recovor~/ factor of .858 - .OC^ was 
deteniinod, and it was concluded tiiat tic tcr^perature recovery factor 
raneo of Mach mnber indeperdonce could be c:ctondod to a Ilacli nunlcr of 
5.8. TIio independenco of tlie recovery factor on Heynolds number up to 
tha beginning of tho larnincr boundary Ix'yer transition was also sub- 
stantiated. 

The licat transfer coefficients vjcto obtained for a negative 
tenperature gradient over a considerable portion of tic plato. Tho 
effect of these gi^dients produced values considerably hi^iler t^ian would 
l30 Qsqioctod for an isotlicmal surface. These results, xfiica related to 
tlio constant toi?.pcratiux 3 case by a theoretical calculation, wero in good 
agroenont with tho tlieorotical results and tlio results of a ddn 
friction investigation carried out at tlie sane Mach number. The accuracy/ 
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of tlio rociilto \Jao oc tiTatod to bo frcn a valuo of Pr^*" 

. 205 . 



Tliero was no apparent offoct on tho boat tnuisfor coofficient trj 
condonoation, but tho adiabatic wall tempcrat\arG appoarod to be lovrer 
tlian for tlic condecisation froo flow. Due to a stop ixicreaso in tiiiclc- 
nooo of the nodol at the ton incla station, tho shoe!: mvo-boundary 
lajror interaction appears to produce lartinar boundaiy laj/ur tiaiioltion 
at a Reynolds nuriber of 1.3 3C 10 ^ > and tipon roducinc tiw Reynolds 
nunber furthor, the transition point is subjoctod to an adveroo pressure 
cradlont xrfiich results in a boundary layer separation. 
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With tho ndvont of tJio i;:is turbine, hich apcod aiiplcncs, rxlooiloa, 
and j’oclrotG, the problcxi of fluid frictional teatinc lias bocono critical* 
Fron the roalisatioa tliat ’’aGrodynaaic hoatinc" can recvilt in an adiabatic 
oirrfoco tenporaturo rise of over 1000®F for a rocket uiiich is at a !lach 
ntnbor of U, it is evident tlmt frean the ctmctural, equipinontal, and 
hman standpoint the knowlodcQ of the heat ti’ansfor characteristics of 
such suporscKiic veiiiclos is ir^^xarativo* Since those heat transfer 
cJiaractorictics are associated i/ith tlie fluid boundaiy layer, a thorouc^i 
investication of the boundary'' layer, both lardnar and turbulent, is 
necessary in order tiiat tlio aeronautical desicner vdJl luavc sufficient 
infomvition to carry out bds nission* 

Tho problen of tiie noclianical and theitaxjlynanical interaction 
between }iigh speed ens flow and a parallel surface has received con- 
siderable study for flows of lovx Hach ntnbcrj the results of these in- 
VDStinations for tho lardnar boundary layer are sirxiarisod in Refs* 1 and 
2* In tliG case of heat transfer tiirouoh tho laminar boundary layer on 
flat plates and cones, for low Mach ntcabers acain, the theory is also 
quite coer^jleto* i^efs* 3 and U otnaaz’iso Uio results of heat tron-sfer 
at sui)Grs<xiic s][)oodG* 

T!io cxperir^ontol corroboration, Imwov'cst, of these theoretical re- 
sults, especially at tho higher Mach nmbers, is neager* The uoric 
of Sclierrer and Qotjcn for a cone at Mach number 2 (Hof* 5)> of Ebor, also 
on cones irlth tho Mach nuribcrs rasxdng fi^ 0*8S to U*2 (Ref* 6)j and 
of SlacJ^ who tested a cooled flat plate at a Jlach nunbor of 2*1| (fief* 7)> 
co:istitxitc tho bulk of higji sixjcd lioat transfer research* Mo atterapt 
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will bo rwdc to proocnt t .oxr xxiy^ ^ ^ nincc U'jtj cukj niu^l/ cv. r^rLood 
in P^» U« i'lco In F.cf • Uj ilecre ctroosco tlie nood Toi’ a. >crfint.-:itfil hoot 
traTiofor cocrrioicntc, oopcciaHy for ilach ruribero in o:uJoot! of 3* ^ivic 
is ’>recisa3;r th® probloa at ha;xi> tlw e:cpcrin(3iitnl heat tronnfor fren a 
loninar bDix'xlary layer to a ooolod flat plato at a rwctLnol I'acli nuViXsr 
of 

lii u:Tdcrta!:in 3 • aii en^x^ririoiital investigation of tirls xiatnro, tiiere 
arc always several avenuoo UoiCi if.aic’.i to jirooeod, and in nost casco tlicso 
avenuoG lead to blind allqfj# This pro^^’an was :io avception* Tlicre arc 
also certain docisions rrust be iiado in regard to tlxj oco x> of tlio 

lnvooti(>ntion and tlie nothods to be used* 

0ns of ’tlxose docioiono \iac that of irivosticatinc oniy the laminar 
boisickuy layer. It io evidesnt tliat to evalviate properly t'u offocto of 
"aosxxJynanlc besatinc” the tart>ijlcnt as iJoH as tlio laminar boiExiary 
layer should bo invostiGatod, rixiever, days to t!io stability of tlic lon- 
iiuar boundazy layer at a Madi msfoor of U,8 and tiw pLysical linitationa 
on the nodcQ. ±lnonsions, it was nocoosary to limit the inveatif,ation to 
just the laminar lay*cr. 

It tao £3lso necessary to decide viiotixor to uso a hoatod or a 
coolod plate, T!ic iioated plato had t!io advantages of hotter control of 
surfacG tcijxjzMturcn and relatively sif.iplcr accossorios, bu,t since it 
was necessary to iavo sta{p:iati(xi or rDooa’voir tomcraturos in e:xcGs of 
200®? in order to avoid condonsation in tho test coctioa, tto problcras 
of noddl construction for surface teriporatiu:^ of hOO^ • ^00^ «cro 
oonoidcarablo, Therofoi’o, it was advicablo to irr/Goticsto tho diroct 
’’acrodyi’iardc Iieatjnc" pi’oblen, i,o,, Iieat tra'icfor to tij3 surface. 



3 



A flUxli pliiUj r*odol aioscti sliico exictin.^ theory prodocinaxitly 
considers tids case, cjnd tl» deatcri rocjtdrer.Ents of tho ooollnc jaclart, 
made otich a Jiodol rjore pi'ac'U.cablo, In addition, the exjjcrincntation 
ijas coordiivated vrltii tlwt of Eincr’e flat plate cl-dn friction invrtjs- 
ticatiwi (?.Gf* 8) v-aiich iris also pairicd out in tiw CiAICH 5 x 5 inch 
4^'poroonic v<ind liainol* 

Tho scope of the ixr/coticatlon was ctodost* It was simply to 
detonxLnc'. oj^X'ri:.ontal hw^t traisfci* coefficients of tlm laaiirar bomdary 
layer at a nanijvil Iladi nuriljcr of 5«0 and to (xmparc tliecc coefficients 
trith availal>lc tlioory an:l other exporiuontal data* However, as a con- 
sequence of tlio invostii;ation, tonporature rccoveiy factors wore eval- 
uated, and the effect of c<xidceu3ation ai Jeat tKuusfcr was liotcd* In 
addition, sodo IntorostiriG (qualitative results in regard to tra:ioition 
and boxuvdaiy layer separation are presented* 

In suma:y, this pajxsr presents tlie results of an eaq^eriiiontal 
ijivcsstigation in tho uALCfT 3x5 inch I^’pei'sceiic u'ind Tunnel, leg No* 1, 
of tiie heat transfer fraa a lauinar bountiary In&'cr to a cooled flat 
plate at a Ilach m\nber of 5*8 and tiic rccrultc are cociparcci \rith avail- 
tlioorcticsal and expcrincntal data* 
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A^ Deacr lotion of t!xc .<incl TioticD. 

Jix I* Jm.m ■ I ■ i>n ~H~ ~n i - 

/ill tOEuia^ xjuG carried out in Uic GMXir/ 5^ a 5 inch it^xjrc.anic 
i/ind i’U’Tiol (Lee Ho* 1)> ;^'dch of tli.o continuously opera tiJ'^ cicsex’ 
return tjri>c* TiiO roquirod caaprcssioix ratias uorc obtained vrlth fxvo 
stages of Fuller rotary' corpracoors, and, u'ijon nocoiKxaib-^ an additioi.vil 
staco Ox Xn;;cn3oll roolprocat^n^; cciq-irosooi's, i'iio caxprocsors ;vnd ail 
tljo valvinc xjero operated i*aiotol:,' frer-. a rvxs'tor t»nlrol panel (df, 

1 ) locatod adjacent to tl-io tost cf^ot.lon. The cd.r ise-xtin^ synten con- 
sisted of a nultiplc pane lieat cc-ichnnpr* idth superhentod utoan as tiis 
hoatin,:» noditru The capacity of tlr3 syrjrUra ;«*s cucli tlxat a st^-natlon 
tes^jorat-uro of 330®F xkio dlxtcdjvcbilo at a st;\ 3 uati{xi pressure of psla. 

Oil ronoval xias accct;tplf.c'ied 1^’ Cyclone separators aftor oasfi 
oocroroccion staco, i in^r-cllvided carbon c misters, porous cnu'boii filter 
bloc'is and a Qoots-t;,po ciolocular filter. The air usod during t2io toots 
contaliied apptminataly 2,5 ports per rvil2i,orj (ppm) of oil foe ’ey xioi; >xt, 

Water wtis rctnovod by a 22CX>-pou:xi Ijed ef siHca ixil In tl\o .'ain 
air circuit, x/aicli xnus reactivated by a built-in bla.^cT-^ieates'-coiida'iser 
systan prior to each ran. Toe ruxuinuri traler ccsiteat of t3r» air ts33 kept 
bdew 100 ppta tjy iTOlclxt at all tbvjc, t he usual value being approKirntelc/ 
22 pp^w The dew ^'joint traa neacunxi at Idio boi^inninc and end of eadx ren 
using a standard type 003:1)0:1 d3.o>ido-coolct1 indicator. 

The tests were conducted at a naxinal :tac5i number of i>,8, Txvo 
noaalo blocks wero dosignod the I’oolsch notlrxi with cors’octxaa 
t^j^xliod for the estinated teundiiry lay’or dloolacKsicrit tixiclaiesc, static 



,lo SLA.', i-xcr. lc l“oi/-VT ^Air- 



oirLL’iccs az .L , 

iltt.Kl a c'.vjc*: to 'x: wlc Ih;* no .'’-Ic calLi^ra^-icn 'Xi cac'i rTjn, 

A 32-tubo v:loua^v-^v,^c-^a^oo^l »nanT)Ot,<3i' (C?, f'i: • 1) tislr.^ )C-3GC 
niliconc fA; td i.t'i • ti-'o all ot.‘.tAG .avj’joia'oc, o:kd "v. 

p. xci*lc f * 'onc50d 'icx\x*.iri* rJ.cro-:^xxaiotor \«xs uaod to onovox; tiie total 
hnad ni'oor.ur'oa, ctajjtiailon px’oaauro x;ao Tioni:in*od vritli a ^.ato* 

li^.wxy nltrojc ;aliinac;.l £^a^c aid uda i>.’CGnu.’o -rcj conti’olled .dtJiJjx 

S.Oi; ;xoi l.y o.L* a 'd.u»ca;x)IL‘-'>*. lo ■.",'woll Ijr>«x cii'cvlr: oda^'t 

cjontro Ilex', 

T.'o eta:; /. '.on ta-^) I'.'ai ao’ 'ed 07 a u.omioco'aylc ^jrojo 

loco.tc!d one Ineh v^jotiva'-x oT tho norx,lo tljroat, liiic t::.xpot‘ut'v*rc uan 
recorded v-c?I controllox.^ ,^1x10 of a Ilin:ioajjo3J.c~1.0iio7'acll aro.a cii*'‘-u- 
lai' d'lart controlloi', AH otlyor ttrxaoratai'cy noccoaar/ for platit opci*a- 
tlcHi Xforc indi.catod on a 2G“’X>lxxt A-eottc A 'oi'Qxrup rocoJXlDr, Tiic overall 
ociienatic di-xryon ixiolxxlLi^ the ’ie.xti.JG ayctci is chfr.rn in FIg, 2, 

/ai optical systtJci usi:iG a BI{~6 s''’<'-ady sonrcc ir.is u.oed for the 
Bchlioren or s’xado’a pt.otoGXxip'^n of tiie flew. 



B, Doscrioidon of tJ'iO ’'odol 



1 , OoriQral 



Tl» noclol coixcistocl of three cofi^xJJicntGS t}>e stxdiilcss steel 
acrodyna-’dc siu'facc, the heat flcru .notcr, and tlio brass coolinG jaclcot 
containinG ^^5 coolant paasaGc.rays, %eGC tliroe cenpooento t<ith an 
overall tldclaioss of ,6^ inclicc v#ero cc/entod toGCt’aer t;itJi a bondinj 
GGcnt and inoxilatod fraa l*x) tuiinol side Halls by rilicono 
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fiborclasa* Tte ncxicl op;uinod the tost scctiori and was su^jportod so 
Uvxt tlio fiorodynniiic aurfaco v;as coincident with tho plai'V3 o£ aj'-z^xstry 
of tho test section# Fie# 3 civos the details of tho sruxlol while Fic« U 
clious tho nodol nountod in the test section# 

2# Aerodyi-ur.tLc Surface 

Tho aorodynanic sxirfaco was a U 5/&-incI» xiido by 10 inches loiic 
by l/lD of an inch thicsc stalnleco stool plate, lappod and polished so 
that tho t’loasiirod rotitihnoso of tins plato sirrfaco was fui avciticQ one 
nicroiiKsh frora the rioan profile# Tho final polisliinc was done vrith 
O,000 nosh diamond rocmltinc in a siirfacc oinisoivity of #070# Tea 
coTiporoconstantan thomocoaples wsro icft)odded #010 of an inch fron tho 
tqjpor ourfaco for ti» purpose of detornining tho surface tcraperaturo# 

Tho location and details of t}«3 tiicamocouplos aro sliown on Fig# 5# Tlio 
7^ leading edge of tho aorodynsumic stirface extended #70 of eai inch alioaci 
of tho boat notor-radiator osscribly# TIio ten coppcr-constantan tijonao- 
coi)?)lo wiitjs i7oro insiilatod fren tl» steel plato by fiberglass cloth 
oanontod to tho lower side of tiio surface# A bakolite teminal strip 
attached to tho aft edge of tho plate pemittod tlie attactaent of 
hoavior tiianaocou-ple idros xdiich wore eonncctod to tho loads f rora tiio 
moasuring iJistrunent by noans of a leck-tigjTt Cannon plug mounted in 
tiio tuinel wall# Fig# 6 shows tlie details of this connection# Throe 
orifices, at 2^, and D indies from the loading odgo, for tho purpose 
of giving surface static pressures woro also installod in tlio aorodynenic 
ciirface# These orifices wore located 1 inch off tlio centerline of the 
plate# 
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iljc heat riojj :ictcr (Cf, I^cf, 9) concistod of t.jxio i?/C lie j o 
tddo liy 9 inclieo lone tgr 1/^ thick balcelito ahooto lisiinotcd to- 
fpUicr* A'ho cca;tral alioot containcxi Jiiactecai (19) 1/2 \rj 1 itidi 
Uaor^iiopilc elaicuts* In ackiitlon, two copr^er-constiintan thcraocotaplos 
were inotallod for ttio pur\>oco of dotonaininc, tiic boat laotor tc:'.;ioraturc, 
'i'ho location of each tcior.»piljo Glcr.5crrt is gi’/ai in Fic» 7* U'Jiolito 
tcminal atrip uao attached to tlio aft odcp of tho boat rotor and 
provided a neons of conrioctdn^i tho lioavior loads froa tho noacia'iric 
instnnent* Thoeo leodo passed thron(^j the txinnol wall in tiv 3 sano 
naiXKa* aa tiro cvo’faco t}3ort;ioco\]plo leads (Cf. Fii:. 6). 

I’lio thortnopile olxxmt czsiaiotc of a series of thoniocouplcjs 
wSiidi cro positioned so tiiat one set of ^tsnetiono (%ot juncti^rv!*-) is 
in a plarro od^acont a:xi i^crallol to cxno faco of tiro lioat .otor xirilo 
tiro otiX3T oot of jxBictions (‘‘cold junctions”) is placed adjacoit and 
parnllol to tlio or^sitc face cf tixo heat notor* iloat flo»r throuch tire 
notor will now t erierato an oloctrcxxstivG force duo to tho differonce in 
tarporat'--ro between Uig and ”co3d'* junctlo«vj of tto therr-iooilo. 

By calibration of tho thoniopile clcncnto frccj a laioun Iroat source, the 
lioat flux in BtuAr *• >jiU be roprooentod by & knosei vcltaco aesrose 
tire ”lK3t” and ’’cold” junctions. 

I'ho tlrcafropilo is conctractod ty wirKiiiif; (about 120 tunrs) do. irO 
coTiStantan triro txito a balvclito core. This is then silvcr«platod ofver 
oao-half of tire coil, >rtdch rosults in each junction botwocar the plated 
and xr^alatcd tdxe actini; as a thG2?nocot»3.o. In tixic way a largo nuribor 



of Jxa*.iocoi^lcx; coiirytictcHi 1 ji oorlcc io otitGirvod* 'ihcrcforo, a g:*ijl 1 
variation in ttxiTKjraU^^; oLC.nao oach daicsit nil! rojjrc'jmt a 
o,n*f« The ola cntc are tiicn inoortod into the cut-outo in “U’jG editor 
laEunaticKij coraioctod to L2x) copnor wires loodinc to the lM3nt neter 
tcr.iinal stid-pj and coneated >x‘Lwo< a tho too and botton cover a'oota of 
tho heat netoi'* Fie* 7 elves tiic details of the construction of a t/Pi- 
cal tiiorriooilo olencnt* 

Coolinr: Jaclcct 



Tho cooling jacket containinc tiic coolant pactsajewayc was fabri- 
cated f run brass siioot scroi-«5d end ocnontod to tlio sixio oJid cciiter 
atiffcjnora* it x«is dcai(i:ied so tixat tho coolant eiitcrcx.1 tlxc i^jpcr 
section tlm3U{;Ii fittincs in tho tvrinol mil* Tho coolaixt is then 
channeled botJi ciiortkdoo isid opanxNrioo ixoat«5 of tcffle plates to iioIcg 
in tlio coiitor plate, allcudnj: tho flixld access to tlie lot#or section esiit 
possaj-omyo* Tho details of tho coolinG jacket and the fittinGO in tho 
turaiol walls aro siiaai in PIgo* 3 and 6* 



0* Test FpidTXTCstt and Listrtssontation 
1 * Tcn?)oraturo ileasiu’eoonts 

In addition to tho tai (10) tncn^iocouplco r.easixritv: tlio ctrfaco 
tcnpe 2 *atuno of tlie plate and tlic Uro (2) tlicsrsiocouples in tho heal neter, 
two (2) cojipcr-constGuntan thoriocouplcs wert) l*iotallod in t’no \xp[X 2 r 
su 2 *faco of tlie txtarKsl test section* Tlioso tai^icrattres were used in 
capuitinc: the radiant licat transfer to tlie ooolod plato fren tlie heated 
twincl vnll# Also recorded wore tlie inlet and exit tcnperatuircs of 'the 
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coolOTt \rj rcnnc of i/h4crr.iocou tics attaclicd to IIjo cooling c- otcsi pipltx;, 

.Ml tiiccc tonporatiireo noaounxi oii a /JLn:ioaiX)lio-:lofioi'yo3JL 

Hroijn ..loct:nnic solf-balniwiiic potontianetor (Gf , Fig. 1) i/ith a z'aixjo 
of to 500^ iuxl on accurau^ of -1®P. 

2m Hoat Tranafor i*.car,vra-.oitto 

Since cadi tiiomo-pilo olersont in tho boat rastor ixia caliberated in 
- sq ft • nillivolt) it vraa oufficiont, in orMor to obtain lioat 
tranofcr rates, to r^oar.uro tiio LMJLlivolt outp\it of each olcrient# j.hooc 
volta^^oo vjoro inoaciirod on a 2!i-point rUjinsnrx>lts-ik)i>oywoll '.iro'.m. iMectronic 
solf-balnnclriG potentlaaotor (Cf, Fig. !)♦ Tho irtotinincnt wao equijsTXjti 
uitli ranr^GO f rotti 0 to 10 mv and 0 to 2 !j mv tilth an accuracy of -*02 mv 
and mv rospoctivoly, 

3»_ Co olte Systen 



Tlio (xiolant t;scd for tho toots was wato? obtained fren tiio cen- 
proosor plant coolin{; systai* Tho rotxim lino froR tiio cooUnc towers 
on tite roof of tho Chicgenlioin '\cromutical Laboratory wao connected to 
a ttjonty-fiwo goUki ataoopherlc reservoir ad^accsit to tho txjnncl toot 
oec ulon. Tlio lovol of this xxjoervoir >?as controllod ty a ball- type 
float valve, Frcci tiio rojxxrvoir, t!ie water jiassod throuch a Sasreo water 
blonder i/dch woo also coraicctcd to tho buildiSG tot water oyotesa# ify 
adjuoti'iest of tto water blender, tlx? taarxiratviro of the water cntoriiiG 
tho riodol could bo controlled to From tiio wator blonder th« 

coolant Doooed tiUTOU^lx tlio tunnel xiaHo and ixodol to tiie inlet port of an 
rUO Ii:v::inooriix; clofio-coi^od PP-2^ rxjcitivo displcujcncnt puap 
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pix-Tjed the HhCd 4>hc’.' u:t< ca.pixoroi* plchio a/htcn for cooULnj. 
puhpliiij rate uu*oi\> i.l<o aodcl was 600 g.p.h, 

3y coimoctinc: t!\s noJol on tJw sv.o«lon aido (25 inches of .*;>) of 
t2ic pv:ip^ tho in'cssurc 'liffoivntlnl bot’/oer tluD r.odcQ. coolin," jac’'ct and 
tliG tcx>t soctlon, w.ilc the t'oruaol is r'08.inin»:,was approxinatoly five ix?i« 
This feature xxivrutti^i tiie vice oi' the ■Uiin aiicctocl coolirsc ^jaclcoffc, -tew- 
crjxji*, :ui order to ,-xroV>ot t:K) aodel fron diffcraitlal proscures duo 
to a pr?i failiiTCs a oocond fXX) pmp vran iact-illecl an a ct in 

IKurallol uitli tho fimt, ilio occcaxl tias controlled noru'c of a 
ltlimoQpolis-Iionc,:r<!ell Vacuir.intat ncrcuiy n^xltch \jidch sixitcJiod tfi i'^s 
motor if tlie rvsdcl internal uroccure rose above 22 incljos of Jfe* 
cchcr.iatio of tlie coolinij sTntea in ,'fiot-fii ill Fig. 0, wliile Fig, 9 giv'oo 
I'arious details of tisc ts^nstaa# 

For the case of tl« so:x> noat lieiisfer nav3, \iiion no coolant *.7?s 
used, the intcrruil prcssiire of t^io modal isis redneesd by bo'-phsoSix: il5o 
flcM directly into Uio ixtsp, but still IcaTing tlio nodel co:uiectod to 
the siiction side, 

D» Teat I*roGodtgy 

1, Calibration of ^loat Meter 

Since tile o,n,f, per degree and tlio dictanco beitftKXi the u^cr.xo- 
pilc junctions ai'e laTlaioiin, tiio thomal conducti'v'ity of tiio baltelito 
lanination uncortairij -y-io conductivity along tlK) tdjre also unJnoiTnp 
too licat iretcr acscnJjly must he calibrated, 

TIto t^-dlroctional heat flew ap;-?amtu» vsesd to calibrate the 
Iieat notcr x«ic ciniLar to that cscscribod in "of. ID and an "acploded" 
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ckctch the ccxaponcT^tD is Giio’.m lii Fir;, 10. I.iciiTorie ribbon (.010**; 
is -.rclded into a hosting; olcaiont and ccno.itod to uho siirracc of a lioat 
.ictcr* 'ihc hoat notcr and the tlxiji uoatinf; olmcnt arc trien cG.^sntod on 
to a lisating plato liiich is used as a ipjsard iioator. A very tixln choot 
of silicone fiber (^laos is pliveed over tho hcatinc element to cloctricaHc/' 
insulato tlm nichrano ribbon fron tlw stirface of the nodcl. Tlxio 
asocnbly is then placed on top of the flat plato nodol, wliicli includoo 
the lioat r.otor that is to bo calibrat«^, and tlys entire ’’sandwich'' 
oocuroly clanjxKl tocothor. 

Wlicn the tonporatxjTc of the ti"iin heating plato is equal to the 
taiperatin^ of tho guard plato, the heat netcr between tiu3 two hoators 
will indicate zero output. This neans Uiat all ti© heat fren tlio lieat~ 
ii^g plate is either tranoforrod througli tho heat x,otor to the cooling 
olof3c»it or lost frm tho edges. Tho edge loss is a funotiMi of ixio odge 
oroa A, tho convective conductaircc, f^, and tlio tei’^xrraturc diffex’eiico 
botxiDon tho edgo surface and the surrounding air, xit. 

V 

Dj’- adjusting tiio onorty ixxput and tiio cooling water rate, it is 
possible to brin^' tixe heat notor very close to roc«a taapcr’atxiro. Tuhi’ig 
tiro rwudnvn t«aporatiare differoiicc allo^/ed between tho model surface- 
heat notor asoanbly and tho air to be tl» rnaidmsn ciror duo to 

odgo losses can be calotilated. T!io evije loss, q^, rvxy be ea?xrcssed as 

% ** 

In this case, f^ is approxinatel;,.^ ono, A is .03 sq. iM. oird at is tlxo 
order of five, giving an edge loss of appi'omjxately 0.15 htu/hr* '^hc 
Ixoat sxipplied to tlio r*otor Imng calibrated is about 60 Btu/hr. Thtxs, 



if the Qd-jo lOvSS Ic ccs.:>loto3c,'’ ic?wrod, i^^o ros\iItiu^ error x/ill bo in 
tJie ordET of 0.30 ;jcr oont. If the ta-ncrat\.rc of tho l.eat ..otor iB 
Icept constant and tho heat rate tiironrli tl/i r«tor is varied, tlno edt,e 
loss fron the netor will be a fvsnctio’.i of tlio tcs:^x3ratvxo of the ox-er 
and vill rersoin co:istarrt 5 ti'jarcToro, tlio norcentoco on'or di:c to ed(jO 
Iocs vdll be very trirll if the heat rate tliroaiix the meter is voiy lar£;o« 

Tho pot:er input to the rrlclircric heater «as i-vDosurod by a i>att~ 
netor end twi output of tho heat noter eler.'jcntc ty rioans of tho broiv’n 
self-balancing potentioKoter, An averngo of cevei'al readings was \)3od 
to calculate the calibi’ation constant of aach Uiemopile. Tlie t>roatest 
source of error is probably due to the non-ur^ifoim contact rosictancs 
botwocn the heating assmbly a:jd tho modol* 

Table I gives the calibration const^^tc of tho iieat nietor elo:;cnto 
at a heat meter teri-jeratxiro of 123^’. Fig, 11 ^ves the conversion con- 
stant for other heat noter taaperaturos* 

2» iioat Transfer Runs 

Since a fixed nosslo block was usod during th*o investigation, only 
a snail variation in Ilach mtnbor tras pcsaiblc. This resulted iii having 
terperaturo and prossuro as tiie only controllable paratietcrs* In 
addition, due to the design of tlws cooling systen, it v;ao advisable to 
liold t:io tsK-porature of tho coolivit constent* Therefore, tlv) rvxis ircixi 
nade \aider varioxis coribinations of stagnation (rcsorvolr) tonporaturc 
and prossuro, 

Tiie procoduix) for each heat tra.^sfor run uas that the ctagiiation 
tenperaturo (t^) was held caictont and tho ota^yiaiion prossure (p^) 
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Tiic lower x'Angc of stagiation txr;5X3ratiiroo were for tho purpoaos 
of invoctlgfiting the influence of coadoasatiem* 

]Qi order to obtain cquilibrim conditioiTSj it was iiecosoar;).'’ to run 
for n period of appitacinatoly 2 haors before data cotild bo tal«on« lids 
equllibrim condition oonsidGrod readied i^ncsn tho tmjxjratvircs frcei 
tho thOKsocot^Jlcs inctalloci in tlxe nodol aJid the toot section, and the 
output of tho tlioraopilo elORKsita in tho heat rtetcr rtsodied a nearly 
conetanfc value* After each cljonc^o in stagnjition pressure, an additicml 
stoadying period tjus noccsnajiT’, Ujxm roaching equililiriun, all tonper- 
aturcB and heat ncter outputs vroro recorded* At tlio sane tiexs tho ncdcl 
and tunnel i-jaH otetic pressures ^icre also taloai* 

3* Insulated (Scro lioat Traiisfor) iluno 

In order to calculate tho liaat transfer coefficient (h) frora tiic 
equation 

q/!. - h(t^-T^) (2) 

it is necessary to iuive, in addition to tlxo wall tGcipoi’ature aru heat 
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.7 uio to •_)r the p^-ate iiovi .1 -.vac.. If it were 

*= C ) To obtain tide •*-/cn:>oiYit“uf\;, •■ ie 

j J 

C 7 iJao b^7>'-osod ana t!ic r-orw cxiliination of ntajnaticw 
rcor.;a\3c as for the i.oat traaefer rva\e wi:'Q ro joatesd. 



libriuri t^.o r.odcl cu"''aco tcr'_-»crat\*roo rfr.rcea -tod 
Iho ruris, cc.ro luxat traa'ifor, ac indicator *07 t’:o 
1 K 15 not possible 00 the adiabatic ta'\:crat\iroo 
:itcriX>latin(: and crctrapolatinc t^ic data to tiic con- 
t traiiifcr* 
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Sliico tliD tJiGory of tho la-iLnar botsndaiy liiycr on a flat plavc 
witia noro prcasuro cvadixint is woll bna^n, it \xill not bo roijcntod in 
tiiio pcffxjr* lioiuovor, for conplotcnooa, a sijmaiv of the I'iriinar boundary 
layer oquetiono uLtii oone of tiicir solutioiJSj as >jo11 os the ecj’jntiosio 
of boat tranefor, ore civen in Aprr)o:2dix A* 

The ^Ufftificction t’uxt t!ie boundary kvyer appraxinatdane ax’O valid 
for flor.iG at Had! nunber 6 ia (^ven ty lA sm Macaintsu in licf • 11 and 
by Lees in lUif • 12« 



A« Prongi’j<s ilich ?<uJx7t* D3.otrroutlon an riato >.c x iq l 



1* Proccv::'c -Ictri'ju-lcri 



*1^0 cua'faco fivenaxs^ ratio distribution p/p^^ obtnii’Axi Tror'- tiic 
plate static prossuro oirlficos is Sitc^m for tiio case of a stajtiation 
preesuro of psia juid a ctai?uxtioa UTiporatvcro of 2L'5°i'' on rui, 12. 
This distribution is rtjpreocntative of tl>o varioi**s co!rl>iiiationa of 
stagnatitKi prossuroa mx! terBseraturos. ?l;o naxbren ''/r-i'iciuion in p'.'onn.ro 
ratio is ,C^ vfiiich for the case nhesm is l.EjfX- per inch over tljc after 
portlan of the plates hoTJSvor, the vra*iation is ini’cli Sees over the fer^ 
xnrd portion. Tliis is tiyicol of tJie rurjo at t!io I signer stjiipntion 
prossvros and can bo the rosult of the roar oi’ifico bcinr; in tho tr;',.-^i~ 
ti.on rcciffii. Also sham ;ln Pij;. 12 3.a the uictributlon of titich liEC 
alxjut tho os:io |Xjrcontacc varlatiotn as p/p^,, 

2. rb.cli buixg Sistributiori 



Tho di.s‘tribution of I Inch mi-ber aloof, tlio pLatc is also o'yx^n on 
Fii:. 12. The nrccir.im variaticsi of ftach mr-ber is .06 or 1.03!i^. Thus, 
tl^eorotical rocviltc for flat plates sixmld cpp2^ sine© the local froo- 
ctroan lach nuribor, or velocity, is essentially constjurt. 

B» Surface Teeperaturo and Ifeat Transfer tlates 



1» Surface Terperaturos 
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per £3.^. a a Inul' .v.'':l\t.o, a1 > I- .poral'. ’:*■■•. .‘'n.i 

for 'i c'U T .■» saij'o of ixia '“o 22^' for ri ■.•r--’^3uro 

o'* Cj»y aJ'.. '■-‘■..•.30 i j’' a-<\ "c.'cavlfvu .f ?.l ti'-c dat? '^bt'Xux’* '1 * 

13(^) '' -oba data .fcr ccV-ltioi-a .r.acK t;:'’ V^c l>cuijda-y Inyor a.i.>c; i^ ♦..* 

\x) 4.a:''_'jr'ir ip io abor.t 7l iac’.'jc.'" u.'.'Orv iU-’ of tivud^fCi' fs 

indicat'^d bj autkla rirc in s-wrfaco tr ._>crr.tvi '3 cvjd loat tragic** 

I'ato* On 13(cl> tlic i:idlcatd.'.n ir I'iat tiic /.josition of tvx.i 
Vjxc navod jy-rastro'c . to about tiKj 9-inc‘i station, ihic is s’lour: norc 
crapsiicc-ll;. , into’- .t. tl-c pros tan tation nf tne lioat tm-irfci’ cocfl'..-u*.sr:ts, 
Ejau.rLne.tion of tl.c tesajorature diotri'n tioJi sloi-JC tliat ovci* t!.o '’irert 
tldrd cf the pl;-ite t’no ta^'^icrativoo docraa:;cs \a.th r.earlj'' n oonetr— t 
GTad'.art, vjidlo over* tac coutor iiiird af tlin p3.ato tho value of tliO wall 
toni>eiuitirrc is nocu’lir coirstraitj Vat ^jogscsgI:"!^ a second cicri'>/ut 2 .vc vrl^\ 
v&siy9ct to Over tJie lost -bwo i.*v;:u-3 of t'.io plate tlio \ulr.cs of 

■UiO tfs.ipcraturo incrocso aticl tlie fiirjt derivative also is variable. 

In addition to t!io tcxnpstraturo tIi.stx-*ibution iiavinc eocend der- 
ivatives witii rcGpoct to the ciiox^riao distance, at ^410 Idclicr stai^nation 
jircscarcs and tanporaturos, the s:xmwli:e ta :^x:r.aturo distribution o r tho 
after portio.n of tlio plate also livx', ooixtxra'. dorivatit'es roo.joct to 
the spaxunLsc diot.-uico (Cf, Fi^*, lU), Tluj fon-Turd portion of tiie plate, 
on. the other hand, is practically isotlicrr'rJL spansrice. This aj/pcaxvj to 
be dw to tho contosanaticn of 'Uxa surface by Hie tunnel sidaiail boun- 
dary l.vcr uixich raises tlio surface tcr^ratiires near the txsax^ t jails 
and iixeroastDo tJitli distance chordirlGC. i'b.o ta-cistcnce of tbcKio f'ceerd 
derivatives in taxperaturo is ir.uox'tantj since* they rsproscjit rxi 



^ - o ,u..r '.'.A .<x o 

u) o'^'ec' oul'i. ‘.-. r. 'Jivxi l.-'.to* 






c. it '* ‘.1. . "o ’ ai 



i.iO .Kiat fltr. 'iAAS -.Liv .v»}cx or %. a > it ^0^.' 



uUa^j ccy. A. J..AA.o’'r, 



;.vo.. t;->o Cv'i'»T.i.ion 






.j.- 



( 3 , 



x.fO tu;'i m w. c r'^iw s-dc tlio «xj.vC,ti,on n?, u'Ov-:.,iiu:) t<\r> coar/oo-» 

tlvc nc\-t, 1 -T.riu'’ _VvXj dovAitl.. Lvnjr. i ,‘’_x2xld; . .^-foc: .'ic:. 
vatlon ri’ t;dj :3 rclatloiicdi^?, xao cocond •tor.i ‘scuv^j tiio .iuav ‘..’low 
cdx! oo Uv’.KliJCtdor. lii s;~*facj 1)1.100, oii >3 (f,. <-:.x: 'Ivi' t. .'A'vd. co:t- 

v> 

duct_v’'lv ■ o-xl v'.-„c!:.i r.® ojf '^10 atJi'drAJO ’y'hito roc;,X’et_vcly* *>10 tliirod 
t*;iv. r.j }x\.'Ooi; ^ dio cab uaC to nuxl >t..yn fm-; rio vOw^o ! 30 ctldn u -Hfi 
cusd 3 -;r>or r&'" Ic 'uiock* 

dl:» 3 C d.G dx.t fJxK/ ri'.to rv'i-jccutcd l&r .*> 3 dn tiid t'al.iC .cViG-wO- 

od --;r -Ui3 '.c:ii flex; A^tcr*, vdo c’.-ixnictlxin of t^<o lit;. L?.,o o-o 

.ladc ill o \lor tiiat t-xi ..ont v-txiol'or ccH;rrinit.ait acj U‘ ^'i'’ypovXj evaxt^ux-. 



as an intc.jitil, lie assuTitiou ic U-Ait 9 i/a 7 Ic odiaCV-iI ojCtoco tho 
t’i;'.c'ciGco of t'.'o crrfaco A^dc a, .oarc valkl clfico Ihc .-laoo ic 

tliin ard tJie atcx-it of doct .>.irv, xra:icroi’rod ic sucIj '^'oXdx/d'j ;-d 
C tial 3 .« A.'ai ciioixaiiec tai’xjravi.a'c ^oadiarit ncifj coriiTuTu.t .rv'cjr uio firci 
tiiiitl cu tile ..'Ir.to, co tiio co*icluctlon lai i ic ccro* Over too oecaid 
ti.irl of tiic niato, tie co.»tritutio:i uio due to tlio ds;xiiva..iTO 

^ f P 

d^A/dr.'s xX‘.Hc o'-xir lie lict of tl:c olr.tc, tie contri^vdioia uua 



f’jo to both .rxi Ovor tho Lwit, ■ •\i of t!'*o oLito n 

cidJufTii jcsit boca^TO co ’Uit';;o oc 2i) cent of tho lOat tixvir.fo ';'od» a.»o 
offoct of boat caxltiction in V.\o boat .ict«r Ic r».,lijLblo, r-ncc t* ■ 
uotor xhiclmccs ..e Icoc licm licilf tho ■ttii.clx'oco of tJxD c^irfaco ’pinto ) Jtvi 
tiio -tJiors:vi3. CTCKluotivity of 'tiic notci* :»atorial ^ba' aHto) it. *13U ■ tv'/jir 
« ft •'10 ccrcxiroti to llio ctafiiLcoo trtocl o^otfacc plate v/i'.onc* 
conductivity ic 9*ii jit**V^ir •» f t •• i'lie t^ie.t for tiic gct'O 

taperr-turo vt. nation, the v\lu> of ..ont tranrsfoiTOd doe to ctxiuj.-'olori 'si 
tiw lioat riotor it Icoo t.xui 3^ of tiio torit t .tmoi’crrcid fi-on tiio svrfico 



TJvo heat transfoiTod du3 to radiation fren liie iwr.slo blocl'^ a'd 
ti^insl %kQ1s I .ay bo calcilatod frai tlK ai;:at.lori fresa dc^uiarii; ( vaL’ . 13; 
Hliich foe tiiio ^xarilcular case in 
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wJiorc cr is too Steron-Colto^nJin oorxto-rt “ .173 x 10 Bto/St. - '.'wr 

^ 2 ^ is CE.Ti£R3:lvity of rxxicl ourfaco =• *07 

6 2 ^ cciiccivity of nonalo bloci: “ .13 

ri^ is factor for jx)cit5.or. of ti«5 xKills “ 

o 

is nodol ourfoco totijcraiiu’e 

T is nocclo block curfacc tai .eraturo 
S 

I.tc to tiiO host tranefor tiro’ojh the test cocticoi rvosclo blocf:, 

tho s*urfacc toxiperatiu'e of tSso KIocIj r.c'Kn-* crxeedod for 'MiO 

extras case of T- “ aid T « 6lD®n Vto neat transfer dito to 

X & 

radiation xrac c^V. “ 2.75 Btr/iir - ft" is Ics" t:r?r. 1^ of txo 






lao eC-i’ertc 



tra.ifircn*od foi- 't .is conUi.lou* *..Gro-‘ '’XJj 
nc^loctcd* 

Tnva, o*il"v tlio cojitri’aution cue to co'idrict.lon lust be corrutod aid 
gubtractod, Tlvj <j//. dictrioutiong rooultin^^ are Diouri in I’ij:. 13« 

Tliose digtributiono ai\) rvrjreocattativo of nil tb.o 'lata, 

C t Ygipcrattire- /xov oty i'c.cU>rv 

!♦ Ryitlvati ou o f iurir>eratvTO ''.ocovo r/ Factor 

lliG GVora^e a'q.-orL'iontal toct tionofer rutcc «»dju£rtcd fox* tSio 
conduction tosxi aro procootod ia 1*5 as a function of Uio ratio of 
erurfacq tcr-xperaturo to otajmticui t<i.rx5raturo for fouz' valuoc of ct^v;- 
nation proocure, Foi’ oadi x-oaiticn alone tixo plate, tiio daux x-cdiito arc 
looatod vci^r noarly ac a strolxiit lino* TJiis iiidlcaLcs tJxat, for tto 
raneo of surfacG toai.x 3 raturG and otoj-uitit® ta'T.ieratiJca iiivolvod, tiuD 
lioat tranofer coefficicntc aro indoiiejxdejxt of U»c sva^aco te v'Cratisro 
or tJie tcnpcratiire potor^tlal cauair\^ tlxo heat trnnofer* Dv;o to tlx3 
greater heat tftumferred to tlxo botton of the nsoctol. It waa pocsiblo to 
obtain negativo (}^t transfeiYod fron tiic olato to tixo fluid) iicat 
tranofer rates for evsiy tiion’o^jilo clenox.t csaco 't at tlic P^U^-incJi 
station* TiuG pca’rnittcxi tltfj Imocliate detoKaiaation, oxeexpt at tlie 9*4i>- 
iach-otat5.{^, of ratio for tl'^c cax'.iition of noro heat trcu»»«=> 

for* For the case of t!» 9*U5-incii station die lesr-ltinix cur’ye to bo 
eectrapolatod to tlie zqzx> Iica*.. tr’airfcr conditicaa# 

linaiixxj tijo ratio of T ./f , tlie rocovery fac'vor can l .)0 calcu« 
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3ntod £vca tiio equation 
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Pic# proGCntc the totaximi/Urc rocovery i'acioro aa a functicjii of 
Fvqynolds niznbor# Thic -ja^riolcio nunFxr ia banod on tho dicuanL^ i.i’cjn tiic 
Xeadinc odfio of tix) plato and on air pror?ertloa cval\;>at(xl at tho froo 
strotn static tonporaturo* Fig* 17 civoo the rcyuoldo iruriber ;x;r inch, 
end Fig. IB tiic air propcai’^tico (Cf , F«if, lU) usod t:iroi 4 ^,out t)sc cou- 
putationc* tho data indicate tlxat tlx> tcrnciraturo rocovoiy factor for 

the laninar bounck'ay layer io essentially a constant value of O*8y0 « 

, 6 

*004 to a Reynolds Jiunbcr of 1*2 x 10 • For tho trancitiwi cone 

liiioli osetonds frcri a Ucyiujldo nicibcr of 1*2 to 2*2 inillion, the recovery 

factor’s adribit considerablo scatUn:* ilie apparent caiissc of this 

ecattor >rlU bo ewplcincd in a ouboequent noction on traiu.itiDn* 



2 * Correlation ;jith Yrurory and Other iX')ori'To:ital l>ata 

3 ii tho usual troatnent of laniirar boiinclaiy layer theory, an assumption 

is jsado to the effect that tiro Prandtl nunber is iiKtoixaidsnt cf tivrj 
» 

t 6 W})©raturc of the fluid* By titls asiJtrpticjn, tire tcsrirxu'aturo rocovoiv 
factor cair be cloocl;^’' approxiroated ly Pr^^. For tho present irrvosti- 
gation tho value of tiso i’rVS 

varies fron *062 to *032 Hioa Iv^od ai 
tho froo stroar. and tho average adiabatic wall teiperattires rospoctivciy* 
In reality, sene intortiodiate tc;iix:rature should bo tire basis of tl» 
Prarjdtl ranbor evaluation, but tlris tcnj>orature cannot bo explicitly 
dotorpsined froti the Gjdsting tiraorlos* The present cxpesrimcjital vrilue 
for the recovery factor lies between Pr^^^ end PrQy^^, 



tliougir cloDcr 



to • Tliic roc\ilt of r ® .O^O nay bo ij\ tlat it 

arjpeare frctn rcviisj of other c:cjx)i’ineiatsl data (coo bolo») that tho 
adiabatic wall taa ioratiux) Ivac tho ercatcr influorice when cvaluatdjaij tl:c 
Prandtl mcnbor# 

On caiparinc the osqxjrisiontal valuo with otUesr c:q>crir.;cnlo co4>* 
dweted at lo'.ror :iacii nunbers tiie acreoneat is favorable* Winbrow, Stono, 
ai>d ScheiTor, dos CIico and Stewiberg, and Kber, tc^tinij conos np to a 
^ilch mribor of U*5^ liavo rocoveiy factoi-s Ij'ing bettrecn ond 0#C5^* 

Th« fiassacitusotts Instituto of ToclinolOEy tostod a flat plato oivi also 
obtaiixxi a rocovery factor of 0*65* Ikawovor, Slack, and also wtaldor, 
Rubesin and Tendslaad, testing flat plates at a Macii xamber of 2*U 
found rocoveiy factors of 0*68, w!iich is soTioHiiat face of t^c 

previous ofvidonco* All tho above data are suTsariced in Ref* U* 

Thorefore, it appears that tho present ijwootigation co»-u.‘iiis t.jo 
lacdnar recovery factor of O.Bp, and osAonds ito range of .>ach ia..:l>or 
indopor^donce tp to a I'lach umber of p*8* This is also predicted theoreti' 
cal2y for hyporsotiic Mach miibers in ivof. 1$. subetantiatod is li» 

inctepcndeacc of the oxaTinar recovery factor on Reynolds mrixjr m to the 
boginrdUig of transition of Uic laninar bourKiary layer* 

P* Heat Tnu^-for :;csul’l>s 

1* Evmluation of Heat Transfer Coofficionts 



T!io ho&t~trarj3fcr coefficients calculated fran tlje ox^jcrincntal 
data are presented in Fig* 19* The calculations were ’•lado fron 2 



‘j.!.C3c rcouLts wore ob^ainod frna tocto at 75*!?* arid 60,U 

psia ato^uitioa prossiarcs and atayiation torjxjraturoo varyi.\^ frrrv 
to 285*^F* For tho E»un at 6o.U psia, the boundary 2^';>’-or ^^as laninar Ovcr 
nine inches of the plate and tlic ;«oat-transi*er coofficiente dcci'oaoed in 
valuo tritii incroaninc diatanoo alou" tlic nlate. At "Uio nine inclr 
station tlv^ hoat-trai:sfnr coefficients tx> 2 in to incroano viltJi increasing 
distance indication of tic bei^ijuiinc: of transition, liito aii 

incroaso in stac»vatio 2 i pressiuvs, t!ic jxisition at wliich transition bcijiiio 
novoo upstrxiai, and at a stagnation proooure of U.5.5 paia it is near t:io 
7}-4r.ch station# Tnis is co:;sistcnt xritSx tlio teiixxratnro recovciy 
factor data# Hctievor, tlxo ttraperatTire rooovnry plot indicates trjuici- 
tAoix begins sligritly iihead of tlie 7;^"incli station, but the agroersent is 
within the range of tho CECxerinental accxnraicy# Since tire lioat transfer 
coefficient is a function of Itcyxxolds rnnbor, tlxe scatter of tho Grqxjri- 
ntantal data c'ux bo partially attributed to the varying .’oynoldc am}3oi*s 
rostilting fron coveriai a vmuji of stagnation terpcratirrcs at each . 
stagnation pressure# 

2# Coiyolation xd.th Theory and Other libgiorinents 

In Apixjndix A, it is siim-sx tiiat tixe local iioat transfer cocfficiiiBnte 
in dirvcnsionloss foita <mn ))G rolatod to locral siiin friction by tlw 
eB2>r®Dcion 

IJuAxe^^ /2 (6) 

If the data are pnasontod an I.v/ o an a fuxetiou of ioynolds 

mn.bcr,a correlation with other sicln frictitm and lioat •transfer result® 
is possible# B'ig# 20 presarrto tho eiLXjirinontal data in t5iis fom and they 
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carr>ca‘cd vdth otiurr crqjcri.’vintal a*id tl'icorctictil cux'voc frai I'-cro. 3 c:<l 
li6* These dinensiorOxioo rcpi*csontat4ono CiTO oT general value only for 
recxilte obtained fra?, a ov^rfaco \rith a unifoira tcqporatvre. ll-o prooor.t 
results, liowcvor, are obtained fron a surface ttat is not iootiicrrol so 
cannot bo coriparcd directly* Xa onicr to nal:o tJjO propenr coiTclatica, 
the present results nust bo rcl;ited to tlio case of tJiO liaifom ta-’ocraiiu'e 
plato* 

Txto iwlilioda for offoctina tluLo coiTclntion ’.jcto iiivee titrated* u:to 
WJ is tliat civen by Chajxian and licbcsiu in ilof* l6 and tJie other vRiS tiuit 
of Lii^hill in R^* 17* Ttie Cliaprr’ion-fiubooin .Tjcthod roqtared iluit tlio 
tcr^^xjrature distribution be expressed in a power ocrios in diotnneo 
alcjnj 3 tho pl£xtc* Tliia vras rather difficult to accoFTplish for the dictri- 
butiono ncasurtxl* Lif;iitliill*c nctliod, on the other ixand, roducod to a 
problm of nuierical into^;i*ation wld,ch was oasi^y oczqxutod* Fi{;* 20 
gives a ropresentatiu'o curve of the ratio of tho iieat triKisfci* (x>officicnt 
trith a to^pcraturo dictribution to tlxo hesat transfer coefficiesnt of cn 
isothercial plate as a function of tlKJ ohordwice distaiico aioxig tiia plate* 
4\lso sliowx, for copj’)ari£5on, is iiio staxe I’atio car^uted fron tho rotlxxl 
of ClxaiK'ian and Rnbosln, iiixcro tho siirfaco tffivjcratxsro was mqxiecsed an 
a fourtii dciproo polynarxial* Tixe agmxncnt is good over tho center 
portion but divorces over tho loadinc juid trailinc portions of tho plate* 
In each case tho taipci'atxire at tho loading edge of tJjo plate is con-* 
sidorod as the adiabatic terxperaturo* lliis asomptiwi is reasosiablo, 
since tl» plato is ujicoolod at tlic loading odgo, and an e:ctTtrx>lation of 
the n©asui*od tenpcratinx® data to tao loadln,' odi^o ciMJcIca very closely 
vrith the odiabatic value* Appendix A pjxjscnt® tiio caTqjlete eaprcociona 






c»ed in cioter.iinLvc; the rolationnliip, 

Tio* 22 pxxaocnto tiic IjDat-transror con'olabion frori Fi^. 20 rs 
ixjlatod to tiG caco oT cui icotiiGifal plate* Tat! ocattor of Ulio Uot^i is 
witliin ^lor» o£ tho valvio . o,2G5. Thio checl-a, irltliin 

t;io scatter, tilth Einer’o (.tcf* G) c!da friction iicasuroicnt of 

“ C*27 rnado at tiio sar.vo .‘lacli nuixir of 5>*G* Tois aci*camt 
ic veiy aood in that his I'ccultc toihj for an ir^alotod plate = C.1 a 

witile tlx: heat trar„sfci’ caao xo for T^/Ts ^ 6*2. TItis value, lio.« 3 vrr, 

10 10^ bold/ tl'iat of Cliajxaaii cuKi hubcoin (Kof* 16) ccc^>trbcd on t'le oacis 
of tho I'iscosity tcod in tlio prosoret invG3ti<;atiou* At a Re&aiolus num- 
ber of 1.6 liiiilion tl>o bocisminc of trarjcition is indicatod 'ey tho s.iai’ j 
i-;croi\3c in liii/fx: xjhioii t;ao as indicateti in the c\rr/cc of heat 

tj*ancfer cocfficicntc* itll tho air prcporticc v/aro based on free stro;.aT 
static tcrrxn’aturo* 

The results tiicjn indicate tlict, u-ilhin accuracy oT tlxs experi- 
:3cnts, tho relationship botvjcon Iic:it transfer and cld;t rriction as pro-^ 
dieted hy tljc laininar boundary layer tiicory is valid at a iiich ntrsber 
of 5.8, 

B. Additionril Residlto 
If Srarsition 



Ac piwlouely discussed, t’to aqKsrl’KJntal data indicate tlrat a 
transition fraa tljc IrxxLnar bourxicxiy layar begins in tlie iioyjtoldo nunber 
ranee of 1.2 - 1,5 nillion* Tide is bcloi; tljo rosultc cf a pielir-driory 
investigation o.irri©d out in t;ie GAID2T 5 3^ 5 incii l^rjersonic Wind Tunnel, 
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c«i a loxTG flat plato, I'ootinj tliio 28-incli plalo at approodjTiatoly tho 
oarao Ilt^xjltls and fiacli ntsibors, tJusro i.’as no indication of natural 
tranoitdon at tlie lO-drwh Qtation* Tlio notliod of traiujition indication 
was noans of fluorosceffit lacquor* Tliorcforoj oone eccolaiation is 
rKiuirod for tlio present data# 

I*sconination of the photoprapli of tlie nodol, (Fig# U) eiiotKJ tloat a 
sliroud covor bocinninc at the ton -inch ctattc« and extondint; dounstax>an 
ia inotallod# Prior to installing tiiio cover pJjitc, tlio waJic off of t^^e 
thoraocouple axxi lieat nctor terminal blocks, and frea tho leads thcji- 
solves, v/ac of such nagnitude that supei’oonic flow iii tlio tunnel could 
not bo established# The edditiwi of tho cover reduced tiic turbiiLcnco 
to sucli a degree tisat supersonic flow was possible, 'fhe tliicJcnecs of 
tho elxroud, howover, resulted in an increase (#065**) in tho :.odel thick- 
ness at t!^io ton-inch etatioa, and it is this step in thickness wi'*ioh nay 
cause the traxusition# It is believed that Uic sliock wave, associated 
with tho flow deflection over tluLs stop, interacts ’«rith the lanin:ir 
boxjndary layor causing aono traxisition upstreaa# This effect, hmovor, 
needs ftnrUxer investigation before it can bo positively stated tliat sucli 
is tluj case# notwithstanding the causo of tiie transition, tho present 
investigataxm shto-./s tliat "Uio use of the heat meter as a transition indi- 
cator is ejcccllcnt# It is a?*all, ru< 2 ^cd, extremely sensitive ^arxl can be 
used for co:jditions wiierc pressure ncasuraiCjnts aru ruDt feasible# 

8# Condansation Kffocts on Heat Transfer 

An attesipt Xiao rwio to deterrdno tho effect of condensation on 
the liOixt traixofor coefficients# Ruixs \rore nado at a stagnatiesa ten- 
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peiMtiire just bolw tho co*«icnoation-£'roo tcipcratuix) and tl.en wore 
ropeatod at a ter'.jxjraturo just above tlic condoiisation-froe tonperature* 
Uithin ttie accuracy oT tiic r.ieaaurcnonto, uJicrc v«*ac no cliff orcnco in Uie 
hcat-traTiSfor cjoofficicnts* liotrovor, the ratio of for ccro licat 

transfer was lo\ror for tho case vrith condensation tlian without conden- 
sation* This is partially substantiated by tho analysio of f-ef* 0, 



3* Separation 

In roducinf; tlie ctacnaticai presnuro in oidor to sialco ruaio at 
Icnwsr Rcynoldo n’xibcrs, it was noted that at a piecsure of about h2 psig 
thcro was a chaip increase in surface static pressures and the boat trans- 
fer rate# InvKJtigatiujn, by rjcans cjf tho Schlieren systera, slunrod that 
at these lower pressures, a separation of tlie laninar boundary lao-'or 
fron tlie surface of tho plate vjos occurring* Pig* 23 presents the 
Schlieren i^iotographs ctf the boxsidary layer just before and after separa- 
tion* 

A review of tiio other eqxjrinontal data provides a clue to tiie 
cause of tliis separation* Pron tho hcat“transfer coefficient curve (Fig* 
19), it can be sc<ai tliat a reduction in stagnation pcfcssuro results in a 
doimstrocun novtricnt of tho transition region* At a' stagnation pressure 
of U5 psig (60*U psia, ), t}» beginning of transition has novod alisost 
to tho end of the plate* By further reducing ttie stagnation prcsstxo, 
the transition point scesjs to novo to tho junction of tlio surface plate 
ai^ the cover ahroud* IIcw if tlvo pressure is lo^rerod below tijis value, 
and if the transition point trys to r»vc uj3 over tho cover plate, the 
presence of the adverse pressui*e gradient assoexiatod vd.th the flow over 



“Uic junction i>c of such acjiitudo t]mt a noparation nscrulto* 

lihen the flOT.' separated, tl.nrc uoo a rapid incrcaao in the heat 
trai'isfcr rate and tlie sui'facc static prossxircs* Tliie increase beccncc 
as lait;c as 30C^ in boti; cases* Tlin condit5.on after separation (Fie* 
23(b) ) was extra>ioJy stable, and the boundary layer could not bo 
r^ttachod to Ivlj® plate iinlccs the ctajpnation pressuro iras increased to 
over 6o pois* 

Due to the i.iodcl configuration and its nountdng in the tiruiel it 
VS53 not possible to investigate this problcn csmplctcly at the present 
tliao* Ko;,'ovor, it soesno to bo of sufficient interest tiiat furUwr stuly 
is VKirranted* 
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Tlio ijrccent iriVGotlij;ationa providoci tlie following cvldcaico as to 
tho behavior of the neat troaisfor ciiaractoristiCG of the laninar bouidaiv 
layer at a Mach nuntjei* of 5.0s 

. 1. Tho loot transfer coefficient (h) cojitputod fron tlic IJewbon3.an 
oqxiation q/A “ h (T^ - is independent of tlvj tcripoi'atcro potential 
cavoinpi tlis heat transfer. 

2. Tho tcEifjoraturo recovoiy factor for tlxj lardnar boundary 
layer vsns .850 whicli, *»4;cn ccxnpnrod to tlio bvil< of previous c;q)crir.icnts, 
extends Wio rarifio of Mach nir:bcr inctoiX)nderice of tho tor^rature recovery 
factor to a Mach nuriber of 5«0. Tlio laiainar recovery factor boir;c 
Indepondorrt of tho Reynolds nunber up to tho beginning of transition 

was also substantiated. 

3. Tho heat transfer coofficiente obtai:iod with a negative 
cliordwise ten 3 ?ert\turo gradient can be as nuclr as 60 higher tium t!^ 
coefficients resulting frora a surface at constant temperature. 

U. Ifeat transfer results referred to tlie case of an iso- 
tlieiTial plate givo a value of .285 for tlv 3 rton-dincnsional lioat transfer 



tlOiS. VJlion conparexi to tliio tEioory aiod to tho skin friction c:'q>crincnts 
node at tho sario Hacia muibcr, tho Uioorctical relationship of 




the estiraated accuracy of tliis result being 




Tlie investigation also provided sono evidence as tot 



1, The possihi.l ity of forcing •' i’\ 1 vion ;-.t c. ccr.pciratr.'.'ol!^'' Ic^x 

(1*2 X 10^) Kcc’tiold': nuibor b;* thf? nrocencc a? a s'aock-unvo boirizkuy 
lacker interaction# 

2# The effect of oono’ensatinn on the tcTTporiatveTO :-ocovery fector, 
•liiich it lo^jcrcxi, ajod on tlm heat trruafer coofflciGnta, tfhicli ronained 
mehnneed# 

3# The Gcparation of the boundary If^or, vjhidi occurred v:lien tl;c 
tranaitioa point cubjectod to m advercc preooure c'l’adLlcnt, mid wiiich 
\ms extrorxily stable once it liad occin'rod# 
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A> Boundary Layer Bqtationo Tor Flat Plato 
X, Gotaeral Fonaxilatiiori of i^blaz 

Comtxjtivo hoat tremsfsr 13i:e flizid (sidLn) friction io coiioidcrod 
a bonadory-layer phoocxiKjnon, and it ie aaattiod tliat tlio iioat jxmoes to 
the fltiid bflr laolocular conduction throueli a Ictoinar layer x^ch ie 
always prcoont liTjodiatoly’ on the ourfaoo for a continum rccsion* 

iio atta'^jt will bo nado to derive the botaidary layer equationo in 
this paper, as the derivation of tiK»o equations are wall Icamsi and can 
be foxsrsd in nmay raferonces. Hcnrcver, tiio ecnoral iTToblcrna and tie 
historical progress In the solutions of theso equations will be prostnitod 
for tlie purpose of completeness* 

The cliaracteristics of ths laninar boundary layers of tenperat;ire 
and velocity for an infinito3y ti;in flat plate p3acod parallol to the 
fluid stream are found ty tho siisultanooue solutions to the foHotriUig 
conservation of mass, nomcsitum, and energy equations, wiiidi are for tli© 
case of no pressure gradient along the plate, i*e,, 9 p/as « 0. 
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(i*o., asc^^.^ption of infinitely thick boundary layers at k— ^ oo«) 'I'heco 
equations arc the rostrlt of appOying tlie bovindary layer japproxinations 
to the caTTOloto conservation of nasc, nariontun, and onorjy oq\iations* 

The justification that tiwjso approxinationo are valid for flare at ladi 
ranber 6 aro given by Li and Uagav^tsu and hy Leos in Kofs* 11 and 12, 

It will bo noticed firen t}KJ rhnnoi- in wixich the eqriations are 
HTittm that f> f /jl , k, and c nay vary tliroughout tire rogion of inte- 
gration, thus naking tlvo eqmtions porfoctly general for tlio case of 
scro pressure gradient {ilong t!rc plate. The second tom of tlx) ri{ht 
nenber of Eq, (A-3) is that i»1'i.cU accounts for th© disclivition of ixrdiani- 
cal onergy into tirenaal energy ly the viscous forces prevailing in the 
boundary Ic^vor, 

The nature of those eciuatioirs and tho boundary conditions arc 
such that a certain air.ilarity exists \itih respect to a varlablG made 
i?) of tcasas stsch as y/sT*, t^tcro n is a positive constant, Tijc Iroundary 
ConditiorB renain tJio sano w5ietlrer by variation of x and y, tlB variablo 
i^roaciros scro or infinity, also it reduces tho partial differential 
equations to total differential equations Wiiich can then be integrated. 



An ojccellent rovicu of the nathociatics of tho various solutions to these 



equations is given J, A, in I-ef • IB, 



y 



2» Solutdona to tlM? La:/cr Fx^uations 

A ouruuT- or tto colutionc of tho lar^lmr boundarywia,ycr equations 
for a flat plate in corprosciblc (olr) flcn;, taldnc into occouzit tho 
twijMsrattiro variation due to conduction and frictioaol hoatinc ic Given 
try* Ilxibesin and Joluisoa in lief. 1« la General tiioso atvilynoo alwajoj 
ascinod a constant value of P**andtl nuaber and an approxii'jato oxj^rcosion 
foi' tho viscosity variation ;7ith tcs:^xa:ati!ro* Thus, tho apijlicjdjility 
to a wide flach nmber ranco is questionable. v<» KArrvIn and Tsitai in 
Rof. 19 treated both the insulated plate and the heat transfer cases 
with Ilach numbesr as hi^h as 10. Tlioy assmod Prandtl number invarient 
with tamperaturo cuid viscosity exponents of O.?^* 

Brainerd and Pinmons (Hef • 20) cxamlnod ti)0 insulated plate case 
td.th Ilacii numbers to 3.16 and lisod Pr •» 0.733 and cj «> 0.768, Crocco 
21) obtained solutions for both insulated plate and lieat transfer 
cases, assuming ?r •= 0.725 and cj «* 1.5, 1.00, ,75) and ,50, IlantBociiO 
and Ifendt (P-ejf, 22) also treated the insulatcxl plate and lioat-traijsfcr 
cases with Mach nuiber up to 10, They examined two combiiiations of air 
properties: optional Pra:idtl ntz.ibor and cj » 1.0, ani optional cj and 

Pr •* 1.0. Cope and Hartroo (Hef, 23) used Pr *» 0.76, cj *» 0.89 in tlieir 
investigations • 

More recently using Crocco 's method of hand calculation. Von 
Driest (Hef. 2U) obtained results for Pr *• 0,75 and a Sutherland law of 
viscosity-tmperaturo vui’iation, 9 *» 0,505» for the lioat trazisfor plate 

and tiwj insulated plate with a constant value of qx>dfic teat at con- 
stant press'oro aostxiod. loung and Janssens (Hef. 25) and ilooro (Ref. 26) 
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soHvod the raducod boi'xul'irj' Iso'cr cqviations in Intoipral foro usirvij a 
differential analyser with tSxc ojqjorinontal valxios af air proportioo* 
Moore aloo includod dissociation at hi^iier teraperaturoa* 

Ifeat Transfer Egy^ations 

In Rcf» 3> Johnson end Riibesin cunarise tlie equations for tlie 
heat tr.'iiisfor of tho loairar boundary laj'cr; however, a^oin for coripiete- 
ness, tirpsG oqtiaiiono urUl be included. The f oHoixing prosontatioa of 
tho dcvclopj.Tent of tho heat transfer equations is essentially tliat of 
Ref. 3* 

1. Iknrtonian Heat Transfer Equation 

la tl» usual trealrient, tho hoat rate is taken as proportional 
to tho tttipcrature diffoi'cnco betrroen the surface and tlio onbient flrild. 
Thus, tire rate of convective heat transfer is 




(A-ii) 



with tho hcat-transfor coefficient bein^^ defined as 




(A-5) 



rdrere ■ wall tcitqjcrature 

T 5 *» free strearir tci 7 .j>eraturo 



A “ area 



2. Hirsselt Umber 



Ik^JDVor, for tho purix>ses of correlatinc tire heat-transfer data 



i 




in ciirKnrionlocc foivi, Ix;*(A- 5) ir .rrittcn In tcrt-is Df tlic *<vu3Go 11 nu;-'i)cr, 



= Ai 

k 




(A-6) 



Uoinc tliis defL'iltion, l-jefo. 27 end 2G ohow ti'.at frexa the etcnciy-riovr 
of a flidd esnd for a j;lvcn cooc^ctricai si’ctaa tiir.t 



Of tlie five diiioisionless variables in r<j* (A-7)> only throe, IJn, Re, and 



substontiall;^’’ soro for lou velocity flex:. Consequent!!^", tiic llusrelt 
naribcr and in tium the haat transfer coefficient h, are independent of 
tlio tcripGi'aturo potential (T^ - T^) uiiich is a nccessaiy reqvdrcncnt in 
order that Eq, (A«ii) r.iai’' conveniently rojircsont tlio rate of Jioat trans- 
fer* At Isich velocities, Iwwcvcr, the toripcraturo factor AYa(i/(Ty - Yg) 
in Eej* (A-7) is finite, aiid llu dependent on t!ie temperature potential, 
therein destroyinc the usefulness of Eq, (A-U)* 

3* Ilodifiod Yertporature Potential 

In Older to deduce a heat-transfer eqiation in irhich the ten- 
I>eraturo potential and lusat-traiisfer coefficient are indepcjtdmit, con- 
sider tlw foUotrij^G: 

r>U}3poso tiiat an insulated plate is placed in a velocity 
stream, tlio rate of heat flew and consequently tlie tcsT5xa*atvire gradient 
with respect to tlio rusmial to the surface rrust Le sore* P(*lhausen in 
Ref* 29 has shcusi tint tiuj resultinc tonperattiro distribution is sucii 





I'O f. 



•I’le fluid aijacoi.t 



■Mint thi to . 



■to t:ic pla'to accoock; tlie froo 



sta?eaa vnl’jo* Tljc terapcratxire which the iilatc (cuid the fluid in contact 
with too plato) ascinoc is dooicnatod as tho "adiabatic surface tcsiy* 
poratiue", T^,, 

If tl»c plato io Jica’tod or coolod, toon the tocjporatxa*o of the 
plato will differ fraa ‘Uio adiabatic tcmporatvires and since boat is bcin(j 
transferred to or fron tho fluid, tiK> tdiperatvre c^vidient vitli resxsct 
to the noival is no Icsk^cr scro. 

It is Iccical then to oiqjress the convective iiCat transfer xri-th 
frictioiwil licatine hy 



wiiere h *> heat traiisfer cosfficici;t ’.aLth frictional heating 
(T - i ) *» nodifiod tcr.pcrat\rro potential 

Q3w 

In order 'to es'tablieh Ujo usefulness of £q« (A-^), it is necessary "to 
invt!Gtigato toe relationship between •too adiabatic surface tcipcraturo 
and 'the coefficient h« 

Recovery Factor 

Considering T first, it can be scan frcci ikjs* (A-6) and (A-7) 

DmJ 

tliat wi^ion tho plate is lriS\fLatod, i,c*, and (9i'/oy)^^ » 0, 

Eq, (A-7) roduccs -to 




(A-S) 




(A-?) 



a7"a<i To - Ts '^^2. ^Cp 



or defining the temperature diffcroncc ratio as Wis "recovoiy factor" r 



} 



T' _ 7gtv 7s 



( “ 10 ) 



A !ancr.iled£;c of the rocovory factor r ic then a necessity to tiio dctcr- 
laination of tlie rKHiified tci'pcrat-uro poten tial (T^ « and ic treated 



inde;>orulont3y of t:ie boat tru'sfer. 

For lanijiar £lm along o flat plate, tho rocovery factor has 
been evaluated analytical2y by several auiiiors (fUifs. 21, 22, and 2?) 
and those rosultc show tliat t}ie recovery factor is indepcixdent of 
PwCynolds nur.bcr and Ilach nuriber, for tho range ;ln Mach nisnbcr vjhcrc 
dicascociation is not present, arai is treDl reprosentod 'aj 



J» XI 



(A-li) 



Docauso tlio Prsa^tl nxsabor was r’-ciintaiiicl as an indoj>endcnt ^^ara'ietcr 
in t4to various solutiona, no :.catv5 of detei^lning the ro.rorejice ten- 
perature at xjSaich to ev?.ilxiate Pr is possible frota t^ioso solutions* 
Itarevcr, the mr.ic:*lccl solutions of CiXKJCo-ConCorto (Ref, 30) showed 
that for ?r ■» 0*725 tho rocovciy factor was 0,65* loung and Janssari 
in Itef* 26 showed that tJiO recovery factor nas a value of *851 and *GUl 
for a Jlach nunbor of U*23 and 6*U2 roffixjctively, with the ambient 
tenporaturo boine KX)®R* 

5* Ck>nvoGtivo Heat Iraiisfer Coefficiait x;ith Frictional Heating h 

TIic hoat-transfer coefficient with friction h lias been invootl- 
gated thooroticaUy for laminar flow over flat plates in Ref* 31 and it 
isas sliown conclucivcly that it i.s i»iepandont of the nodifiod tciipcratun^ 
potential and is identical vrith tiiat for lovr speeds ac evaluated for tlu3 



j 



i iioiclil .Ca k •& ® TT# 

6» PvOlationohij) between Kmnolt ilu"l>car an-d Friction Cocfficiont 

The o:q)rooGion for the TOlationcliip bottiocn tho local liuaoolt 
nuibor aad tho local friction coofficient is 



* h 



^fx '^'^ex 
2 




(..-I 2 ) 



\iiere tho siijocript x roferr. both to a clu'irroterlstic Icnjtli x, noasiarcd 
along tho Icrngtia of the? plate f rcu the Icacliiii: edge, and to local v^Q.^ico 
of all nuouitities roprccentcd 3n tho cquatio:i* .'OLl of the proi^crtios, 
IncltKii-ig denaltj in tl>c definiij^ eq^tion of local friction, are based on 
tlic oaTtc ta.ipcraturo* Tlic derivation of (A-12) is given in ..cT, !• 



7» Heat transfer with a Surface >gapcrati3ro Dj.ntributjLon 



Ilost t’noories censidor only tie ease of a plate vritli a consUint 
GtiTfacc te^aporatu'Qj ho;;3vor, CliaTXVs** Inbesin (l^af, I 6 ) a:id Lig^itl'Hl 
(lef* 17 ) troat tlic problora of a variable suifacc tenporatare* In 
Chapruvi and Rnbesin's analyses tixe smfaco toriijeratia'c is cjxjirocsod as 



a power sorles in tho T>latc length pararietor x* lightliill on the otlier 
iiand does not rako tliis restriction* 

Since nost CKporinoi’.tal results ore for the non-iso tlionnal plate. 
It is ncceosaiv to i'ofer tlicso :x3S\iLts to the isothorml case bofero a 
proper correlation tilth nost of tl «2 theoi’ctical solutions can be nacUj* 
The nothod itsod lit this investigation tras tliat of I^ghtltlll’c* Tito 
eqjrosaions used are as foUotis: 



For the flat ’jlatc, M^ht>iill'R aolutioa (kIUi tho coaatant 



nultiplier rodx«cd 2 >or cent) io: 



Va ~ ~ 
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d\jw(4)- 7^J1 



P- 



wilicli for tlie cacc of ® constant, reduces to 
~ h ( ~Ti^ - 7o.iv ^ 

and 

° for ^ -0 



(A- 13 ) 



(A-U^) 



Siiace vio define t.’io iJussolt nuntei' as 

yw = i^/A } ^ 

P(Tu,-To.vd) 

The ratio of. tliC heat treuisfer witli a taapGX’atiutJ distrioutitm 
to the heat transfer for an isotliornal surface can bo a^recsod as 




(A- 15 ) 



So, frm tile tenperaturo disti'ibsjition on tho siirfaco, the ratio of the 
heat ti'ansfcr rates reduces to a nrobloa in nuncrical integration* 

Fig* 21 shows a rcspreoontati\’"o chorchiiso distribution of tills ratio* 
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Ai'i -DIX D 



r-\pniiti!:;jT .l agcitjvcx iccp ..T/d3ii.rrY 



Tho estibifito of the acciiracjr of tiio final roo\;ilte is based on tiw 
accTiracy and I’epoatability of U«o individual noacura^icnto* llw csti- 
matod nar-dLrain error or ropoatability of tiio individvial trjoasujror.iGnto is 
as folloviS} 



Jteosurer'.cnt 


istinatod Maxircun 


Basis of Estinate 




Error 




Static Prosoure - p 


•U m of oilicono 


fioadinc Ihror 


Stagnation Pressure - 


loss than I'j 


Calibration of late 
Suory Gage 


Stagnation Teriporatvtro - 




Calibration of Probo 


Stirf ace faq^eratui'e - 




Calibration of i todol 


Ibat 'franofer <^tc - q/A 


-5;s 


Haxiriicn Spread of Cal- 
ibration Data 


Adiabatic boll 




Acciiracy of Tcnrxjraturo 



TesuperatvaPG - T„, icaouresncnts anct 

Spread oi <yn, baui 

Tlio accuracy of ccciputed values ixisod oii the errors of tiie 
individual noaoureionts is as follov.’s, Tl^sc values were ccxnputed fc^y 
tho nctliod civen in iUjf * 32* 






Calcxlatod Error 



II la'jc ij-an X* 

1U3 X> 

ItocovGvy Tactoi' - r -•01 

Ifoat Transfer Cocrficiont » h 

I'oivani Portion of Plabe -13^ 

Ccjiioor and Ivoar Portion of Plato -10;^ 

Vixi/Ro^^ 

Fonjard Portion of Plato -l^.'* 

Center and icoar Portion of Plate -105 j 
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FIG. 3 HEAT TRANSFER MODEL 
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Fig, U 

Flat Plate Heat Transfer Model in Test Section 
of GALCrr 5” X 5“ Hypersonic Wind Tunnel 
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FIG. 5 SURFACE THERMOCOUPLE AND PRESSURE ORIFICE LOCATIONS 
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Fig. 6 

Details of Tunnel Wall Fittings for Coolant and Electrical Leads 
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FIG. 7 HEAT METER 







FIG. 8 

SCHEMATIC DIAGRAM 
OF WATER COOLING SYSTEM 
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Fig. 9 

Cooling System for Heat Transfer Model 
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UNIDIRECTIONAL HEAT METER CALIBRATION STAND 
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FIG. 13 REPRESENTATIVE CENTERLINE HEAT TRANSFER RATES AND SURFACE TEMPERATURES 
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FIG. 14 REPRESENTATIVE SPANWISE TEMPERATURE DISTRIBUTION 
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FIG. 15 VARIATION OF HEAT TRANSFER RATES WITH THE RATIO 
OF SURFACE TEMPERATURE TO STAGNATION TEMPERATURE 
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FIG. 16 EXPERIMENTAL TEMPERATURE RECuVERY FACTORS 
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FIG. 19 EXPERIMENTAL HEAT TRANSER COEFFICIENTS 
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FIG. 20 DIMENSIONLESS REPRESENTATION OF HEAT TRANSFER DATA 
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FIG. 22 DIMENSIONLESS REPRESENTATION OF HEAT TRANSFER DATA 
RFFERRED TO THE CASE OP CONS PANT SURFACE TEMPERATURE 
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Before Separation 
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After Separation 
Fig. 23 

Separation of Laminar Bo\indary Layer 
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